Abstract. Nimotuzumab, a humanized IgG1 monoclonal antibody against epidermal growth factor receptor (EGFR), increases radiosensitivity in lung cancer. Cisplatin is an effective antitumor agent in lung cancer. In the present study, the antitumor activity of nimotuzumab combined with cisplatin was investigated in A549 lung cancer cells. Viability, cell cycle distribution and cyclin D1 expression were assessed following treatment with nimotuzumab alone, cisplatin alone, nimotuzumab in combination with cisplatin, and nimotuzumab followed sequentially by cisplatin. The inhibitory effect on cell viability of nimotuzumab sequentially followed by cisplatin was higher compared with cisplatin alone (82.17±1.62 vs. 56.97±1.42%). Compared with treatment by cisplatin alone, cell cycle analysis by flow cytometry demonstrated that the percentage of cells in the G 0 /G 1 phase was increased when A549 cells were treated with nimotuzumab followed sequentially by cisplatin (P<0.01). However, the proportion of cells in G 0 /G 1 phase was decreased when A549 cells were treated with nimotuzumab and cisplatin simultaneously compared with cisplatin alone (P<0.05). Cyclin D1 expression was decreased in all chemotherapy treatment groups; the most significant decrease was in A549 cells treated with nimotuzumab followed sequentially by cisplatin. Nimotuzumab may enhance the antitumor activity of cisplatin on A549 cells. The cell cycle arrest at G 0 /G 1 observed may have been due to decreased cyclin D1 levels. Potential antagonism was identified when A549 cells were treated with nimotuzumab and cisplatin simultaneously, indicating that targeted therapy may be more effective when administered prior to conventional chemotherapy.
Introduction
Lung cancer has been the most common cancer worldwide, and the leading cause of cancer-associated mortality, since 1985 (1). The 5-year survival rate for lung carcinoma overall is poor, at 16-17% (2). Surgery is not suitable for the majority of patients with lung cancer, as diagnoses are often obtained at advanced disease stages. The standard of care for advanced non-small cell lung cancer (NSCLC) is cisplatin in combination with 1 to 3 of the following drugs: Paclitaxel, gemcitabine and docetaxel (3) . The efficacy of chemotherapy is limited due to its side effects and the lack of response in certain sub-populations of patients. Research efforts have focused on identifying molecular targets and developing molecular-targeted therapies based on the understanding of the molecular abnormalities associated with lung cancer (4) (5) (6) .
Insight into the pathobiology of NSCLC has facilitated the development of targeted molecular therapies that target specific mutations that serve critical roles in the progression to aggressive disease. Mutations in the epidermal growth factor receptor (EGFR), KRAS and anaplastic lymphoma kinase (ALK) genes are mutually exclusive in patients with NSCLC, and targeted therapy may be affected due to the existence of one mutation in lieu of another. Therefore, the detection of these mutations and the subsequent tailoring of therapy accordingly are widely accepted as standard practice (7, 8) . EGFR is expressed on the cell surface of a substantial proportion of NSCLC tumors. EGFR overexpression is observed in 50-80% of patients with NSCLC, and 65% of these individuals also exhibit an EGFR gene copy number amplification (9, 10 EGFR is a member of the tyrosine kinase growth factor receptor family. Its ligands, EGF and transforming growth factor-α, bind to the ectodomain of EGFR to elicit biological effects through the RAS/RAF/mitogen-activated protein kinase kinase 1/extracellular signal-related kinase pathway, the phosphoinositide 3-kinase/AKT pathway, the phospholipase-Cγ/protein kinase C pathway, the SRC/signal transducer and activator of transcription pathway and the corresponding crosstalk, leading to the regulation of cellular proliferation, survival, apoptosis, invasion and metastasis (11, 12) . The overexpression of EGFR usually indicates rapid progress, resistance to chemoradiotherapy and a poor prognosis for patients with lung cancer (13, 14) . Various small-molecule tyrosine kinase inhibitors (TKIs) and anti-EGFR antibodies targeting EGFR have been developed over the previous 30 years. EGFR TKIs directly bind to the kinase domain and block its kinase activity, including the first-generation EGFR TKIs Erlotinib and Gefitinib, second-generation Aftinib and third-generation AZD9191. Conversely, EGFR-targeting antibodies such as Cetuximab, Panitumumab and nimotuzumab bind extracellularly, blocking ligand binding and preventing receptor dimerization (15) .
Nimotuzumab, also known as h-R3, is a humanized IgG1 isotype monoclonal antibody against EGFR (16, 17) , which is different from Cetuximab and Panituzumab as it demonstrates different pharmacokinetic traits, including a prolonged half-life, and elevated area under the curve compared with Cetuximab at the equivalent dose level (6) . Safety data has demonstrated that nimotuzumab rarely causes severe dermatological toxicity, which is the most common adverse event resulting from Cetuximab and Panitumumab treatment; therefore, nimotuzumab is expected to improve the quality of life for patients receiving EGFR inhibition therapy (18) . Randomized studies have demonstrated that nimotuzumab, combined with irradiation or chemoradiotherapy, may provide an improvement in prognosis to patients with head and neck cancer (18) , gliomas (19) and esophagus squamous cell carcinoma (20) .
Considering that patients with NSCLC diagnosed in the advanced stage usually exhibit a poor survival rate, EGFR inhibition alone, or combined with other options, in the treatment of NSCLC has become an attractive strategy validated in numerous pre-clinical and preliminary clinical trials (21) (22) (23) . This has led to a further phase III randomized study to evaluate the efficacy of the combination of nimotuzumab with other chemotherapy drugs as a first line treatment for stage IIIB-IV NSCLC (24) . A431 cells, a vulvar epidermoid carcinoma cell line with high EGFR expression demonstrated less receptor activation upon ligand binding when treated with nimotuzumab (25) . Nimotuzumab is equally successful as an EGFR inhibitor in normal and mutant backgrounds (26) . Xenograft models have confirmed this antitumor effect in A431 cells in mice in vivo. In addition, in vivo data indicated significant antitumor effects of nimotuzumab in xenografts utilizing the NSCLC H460, Ma-1 and H292 cell lines (26) .
In the present study, the inhibitory effect of nimotuzumab combined with cisplatin against lung cancer cell growth was investigated.
Materials and methods
Cell culture. The A549 human lung adenocarcinoma epithelial cell line (supplied by the Central Laboratory of Qinhuangdao No. 1 People's Hospital) was cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Zhejiang Tianhang Biotechnology Co., Ltd., Huzhou, China), 1 U/ml penicillin and 1 mg/ml streptomycin at 37˚C, with 5% CO 2 and 95% humidity.
Re age n t s. Cisplat i n wa s pu rcha se d f rom Q i lu Pharmaceutical, Co., Ltd. (Shandong, China). Nimotuzumab was purchased from Biotech Pharmaceutical Co., Ltd. (Beijing, China).
Cell proliferation assays. Cell viability was measured using the MTT colorimetric assay, as described previously (27) . Briefly, 100 µl cell suspension was inoculated in each well of 96-well plates at the density of 3x10 4 cells/well. At 12 h, the medium was removed by aspiration and replaced with 100 µl culture medium without serum, as serum may alter the effects of the drugs, and cultured for a further 12 h. The medium was then removed and replaced by the experimental medium containing 1% FBS.
A series of MTT assays were then performed to evaluate the effects of nimotuzumab combined with cisplatin on A549 cells at different time-points for 5 treatment groups: Group A, 200 µg/ml nimotuzumab; group B, 2 µg/ml cisplatin; group C, 200 µg/ml nimotuzumab for 24 h, then the supernatant was removed and replaced with 2 µg/ml cisplatin; group D, treatment with cisplatin and nimotuzumab simultaneously; group E, treatment with fresh culture medium containing 1% FBS only. The treatments were performed for 24, 48 and 72 h. Following incubation, MTT solution (20 µl, 5 mg/ml) was added to each well, and the plates were incubated in the dark for 4 h at 37˚C, followed by the removal of the culture medium and addition of 100 µl dimethyl sulfoxide. The absorbance was measured at 492 with 655 nm as the reference wavelength. A total of 6 parallel wells were used for each group, and all experiments were performed in triplicate. The inhibitory rate was calculated as follows: Cell growth inhibitory rate (%) = (OD value in blank group -OD value in experiment group)/OD value in blank group x 100%.
Cell cycle analysis. The cell cycle distribution was evaluated by flow cytometry using Vindelov's method (28) . Briefly, A549 cells were harvested following treatment with either nimotuzumab or nimotuzumab combined with cisplatin, as aforementioned. Then, cells were treated with 0.25% trypsin to prepare single cell suspensions. The cells were transferred into 10 ml centrifuge tubes and centrifuged at 4˚C at 580 x g for 5 min. The precipitate was collected, washed once with 1X PBS and processed for cell cycle analysis by flow cytometry. The cells were fixed in 75% ethanol and incubated at 4˚C overnight. The fixed cells were centrifuged at 4˚C at 145 x g for 5 min and washed twice with cold PBS. RNase A (20 µg/ml) and propidium iodide staining solution (50 µg/ml) were added to the cells and incubated for 30 min at 37˚C in the dark. The percentage of cells in each phase of the cell cycle was determined with ModFit LT 4.0 software (Verity Software House, Inc., Topsham, ME, USA). Experiments were performed at least twice.
Western blot analysis. The cell culture supernatant was removed, and the cells were washed in 4 ml PBS, then centrifuged at 4˚C at 900 x g for 5 min. The supernatant was discarded and the cells were washed repeatedly with PBS. A total of 200 µl RIPA lysis buffer (cat. no. P0013B; Beyotime Institute of Biotechnology, Shanghai, China) was added, the cells were lysed by shaking the flask for 40 min and cell lysate was transferred to 1.5 ml centrifuge tube. The cell lysates were centrifuged at 4˚C at 10,000 x g for 15 min and the supernatant was transferred to a new centrifuge tube; tubes were stored at -80˚C until subsequent use.
Protein was quantified using the Enhanced BCA Protein Assay kit (cat. no. P0009; Beyotime Institute of Biotechnology). Whole cell extracts were subjected to SDS-PAGE (with a 5% stacking gel and a 12% separating gel) and transferred to a nitrocellulose membrane for western blot analysis, with a loading quantity of 35 µg protein/lane. Subsequently, 5% skimmed milk powder was used for blocking at room temperature for 1 h. Blots were incubated with monoclonal anti-cyclin D1 antibody produced in mice (1:200 dilution; cat. no. C7464; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), and anti-β-actin antibody (1:2,000 dilution; cat. no. A1978; Sigma-Aldrich; Merck KGaA) overnight at 4˚C, washed with TBS-T, and incubated at room temperature for 1 h with horseradish peroxidase-labeled goat-anti-mouse IgG (1:200 dilution; cat. no. A0216; Beyotime Institute of Biotechnology). The protein bands were detected using 3,3'-diaminobenzidine tetrahydrochloride (DAB Horse radish Peroxidase Color Development kit; cat. no. P0202; Beyotime Institute of Biotechnology). β-actin served as a reference gene for the normalization of cyclin D1 expression. Densitometric analysis was performed using ImageJ 1.48 software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Statistical analyses of the experimental data were performed by two-way analysis of variance followed by Bonferroni's multiple comparison test with the SPSS, version 16.0 statistical software package (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Cell proliferation. The inhibitory rate for each group is presented in Fig. 1 . Nimotuzumab alone and cisplatin alone inhibited A549 cell growth in a time-dependent manner (P<0.05). The inhibitory effect in the sequential treatment group was higher compared with the cisplatin treatment alone group (P<0.05). However, the inhibitory effect in the simultaneous treatment group was lower compared with that in cisplatin treatment alone group (P<0.05). The inhibitory rate in the sequential treatment group after 72 h treatment was 82.17±1.62% (Fig. 1) .
Cell cycle analysis. To study the growth inhibitory effect of nimotuzumab in combination with cisplatin, the cell cycle distribution was analyzed with propidium iodide staining and flow cytometry. A typical G 0 /G 1 arrest pattern in groups A-D was observed, particularly in the sequential treatment group ( Fig. 2 ; Table I) .
Cyclin D1 expression level. Cyclin D1 is a critical component of the cell cycle machinery. A number of types of human tumor have been identified to exhibit abnormally high levels of cyclin D1 (29) . Compared with the control group, the expression of cyclin D1 was decreased in groups A-D following treatment, particularly in the sequential treatment group. However, cyclin D1 expression was higher in the simultaneous treatment group compared with that in the cisplatin alone group (Fig. 3) . Table I . Cell cycle distribution in each group following treatment for 48 h. Data are presented as the mean ± standard deviation.
Discussion
Nimotuzumab is well-tolerated, and efficacious against a number of tumor types (18, (30) (31) (32) . Numerous studies have demonstrated that for patients with advanced carcinoma, nimotuzumab combined with chemotherapy, radiotherapy or chemoradiotherapy was effective, and that it was well-tolerated and safe for conditions such as glioblastoma multiforme (GBM) and esophageal squamous cell cancer (ESCC); in combination with radiation therapy, nimotuzumab demonstrated few side effects (19) and improved the disease control rate in patients with GBM compared with radiation therapy alone (33) . An open, uncontrolled phase II study indicated that the combination of nimotuzumab with concurrent chemoradiation was tolerated reasonably well in patients with advanced or metastatic ESCC, and increased the efficacy of treatment (34). Ramos-Suzarte et al (32) evaluated the adverse events of nimotuzumab combined with chemotherapy, radiotherapy or chemoradiotherapy in 835 patients pathologically diagnosed with malignant tumors in stage II-IV with metastasis or advanced carcinomas, and indicated that nimotuzumab with chemoradiotherapy was tolerated.
The present study demonstrated that A549 cell growth was inhibited somewhat by nimotuzumab alone, and was inhibited to a greater extent by cisplatin alone, consistent with one previous study (35) . A549 cells pretreated with nimotuzumab for 24 h prior to cisplatin treatment exhibited a higher inhibitory rate compared with cells treated with cisplatin alone (P<0.05). A possible mechanism for the arrest at G 0 /G 1 ( Fig. 2 ; Table I ) may have been the downregulation of cyclin D1 (Fig. 3) . It is hypothesized that the antitumor effects of EGFR-specific monoclonal antibodies are produced by blocking the binding of ligands to EGFR. This may affect the activity of EGFR and its downstream signaling pathways, therefore inhibiting the proliferation of tumor cells, inducing cell cycle arrest and apoptosis.
However, a degree of antagonism was identified when A549 cells were treated with nimotuzumab and cisplatin simultaneously. Previous studies have reported similar conclusions; Ji et al (35) identified that nimotuzumab exhibited a weaker inhibition effect on human ESCC EC1 cells when administered in combination with other chemotherapeutic agents, although the extent was not significant, and Du et al (36) indicated that the combination of nimotuzumab with S-1-cisplatin provided no additional benefit compared with chemotherapy alone in the first-line treatment of unresectable or metastatic gastric cancer. Further studies investigating the molecular mechanisms of this potential antagonistic effect are required.
The present study provides evidence that the A549 human lung adenocarcinoma epithelial cell line was inhibited to a greater extent by treatment with cisplatin subsequent to pretreatment with molecularly targeted therapy. Further studies are required to assess the antitumor activity of nimotuzumab in combination with cisplatin in vivo, and its clinical significance. 
